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A B S T R A C T
A pH sensor was fabricated using a modified hydrogen-storage palladium electrode. The Pd electrode stores H2
generated electrochemically at suitable potentials. After the Pd electrode had become coated with palladium
hydride (PdHx), the resting potential of the modified Pd electrode responded to changes in the pH with a near-
Nernstian response of −56.2 ± 0.2mV pH−1 in the range from pH 1 to pH 13. Although such Pd electrodes are
usually unstable due to the release of H2, their stability could be dramatically increased by covering with a
Teflon tube. The Pd electrode can be easily regenerated by electrolysis. As H2 gas is spontaneously released from
the modified Pd electrode, the partial pressure of H2 gas on the surface of the Pd electrode is almost constant (H2
gas is almost saturated in the vicinity of the electrode). Accordingly, the potential is assumed to be determined
by the pH value of the aqueous solution based on the redox potential of the H2|H+ couple. When the pH value of
the solution is almost constant, the modified Pd electrode can act as a reference electrode without any leakage of
the inner electrolyte that occurs with Ag|AgCl|sat. KCl electrodes.
1. Introduction
pH is defined as the negative common logarithm of the activity of
protons in an aqueous solution. The pH value is one of the most im-
portant parameters of a solution and determines the chemical and/or
biochemical reactions occurring in this environment. A number of
methods for measuring pH have been reported, including color change
indicators [1], potentiometry (quinhydrone electrodes [2], glass elec-
trodes [3], hydrogen (H2)-generating electrodes [4], metal oxide elec-
trodes [5], liquid-membrane type or film-type proton (H+)-selective
electrodes [6]), and amperometry [7].
Although pH measurement using acid/base indicators is simple,
easy and inexpensive, this method is not suitable for monitoring be-
cause it requires periodic sampling or checking with pH-indicator dyes.
Similarly, the quinhydrone electrode is not ideal for monitoring appli-
cations because it requires the addition of a reagent to the cell system
[2]. Hydrogen-generating electrodes using elements such as platinum
and palladium (Pd) have also been used as reference or pH-sensing
electrodes [8]. However, their application has been limited because of
difficulties in the safe handling of H2 gas. Solid electrodes fabricated
from metal oxides and metal hydrides have also been previously re-
ported as pH sensors [9–12]. Metal hydrides such as palladium hydride
(PdHx) are particularly attractive because the electrode potentials are
determined by the spontaneous release of H2 gas from the hydrides.
However, they are not widely used because of their instability. In the
case of metal oxides, the potential is unstable because the electrode
behaviour is determined by multiple reactions. The glass electrode, on
the other hand, is the most popular pH-sensing system because of its
simplicity, ease of use, and stability [2]. However, it is fragile and
difficult to miniaturize. The alkaline error also influences pH detection
to some extent. In the case of proton-selective electrodes, the detection
range is much smaller than that of other methods (H2-generating
electrodes, metal oxide electrodes and the glass electrode) [13].
In the present study, a stable pH-responsive electrode based on
palladium was developed and the mechanism of the pH response of the
electrode was investigated in detail. Palladium electrodes are tough and
easy to miniaturize and properties such as the response, selectivity,
stability and acid/alkaline error demonstrate their usefulness as a pH
sensor. As the Pd electrode does not release harmful substances and can
also be renewed by electrolysis to generate H2 gas, it could be used for
on-site monitoring in medical, agricultural, food, and engineering ap-
plications. Furthermore, the Pd electrode can be used as a reference
electrode if the pH of the test solution is almost constant.
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All solutions were prepared using UL-PURE water (Komatsu
Electronics. Co., Ltd., Japan) with a resistivity of 18.2MΩ cm at 25 °C.
HCl, KCl, NaCl, LiCl, potassium hydrogen phthalate (KHP), di-sodium
hydrogen phosphate, sodium bicarbonate and sodium hydroxide were
purchased from Wako. Co., Ltd. (Japan). A Pd rod (outer diameter:
2 mm, length: 100mm, 99.9%) was obtained from Nilako Co., Ltd.
(Japan). All the chemicals were reagent grade and were used without
further purification.
2.2. Instruments and fabrication
Potentiometric measurements were conducted using an electro-
meter HE-106A (Hokuto Denko Co., Ltd., Japan). Cyclic voltammo-
grams were measured using a potentiostat/galvanostat HA1010mM1A
(Hokuto Denko Co., Ltd., Japan), a function generator HB305 (Hokuto
Denko Co., Ltd., Japan), and an A/D converter GL900, (Graphtec Co.,
Ltd., Japan).
Electrolysis was carried out using a potentiostat/galvanostat
HA1010mM1A (Hokuto Denko Co., Ltd., Japan). One end of the Pd
metal rod, which was sealed within a Teflon tubular rod (outer dia-
meter: 10mm, inner diameter: 2 mm, and length: 20mm, SANPLATEC
Co., Ltd., Japan), was consecutively polished with sandpaper of #80,
#240, and #1000 grit, and with abrasive alumina filaments (1 μm in
diameter). The rod was then washed for 30min in an ultrasonic cleaner.
The modified Pd electrode was prepared by potential-controlled elec-
trolysis at −0.9 V in a 0.1M HCl solution. H2 gas was generated on the
surface of the Pd electrode, as shown in Fig. S1. Because the surface of
the Pd electrode was covered with H2 bubbles, the current decreased, as
indicated in Fig. S2 and finally became 0 A. This operation was repeated
several times until the electrolysis charge reached 2.5 C.
Fabrication of K+-ion selective electrodes (ISE) is described in the
SI.
2.3. Electrochemical measurements
Cyclic voltammograms were obtained using a three-electrode cell
system. A Pd electrode, a platinum wire, and an Ag|AgCl|sat. KCl
electrode was used as the working, counter and reference electrodes,
respectively. Potentiometric measurements for pH sensing were con-
ducted using a two-electrode cell system. The modified Pd electrode
and the Ag|AgCl|sat. KCl electrode were utilized as the pH-sensing and
reference electrodes, respectively. Potentiometric measurements of K+
concentration using a K+ ion-selective electrode (K+-ISE) were also
carried out with the modified Pd and Ag|AgCl|sat. KCl electrodes as
reference electrodes.
2.4. Microscopy
SEM images were obtained using a field emission scanning electron
microscope (FE-SEM, SU8000, Hitachi High-Technologies, Japan). The
accelerating voltage was 1 kV.
3. Results and discussion
3.1. pH detection
The resting potential of the unmodified Pd electrode was not af-
fected by the pH, and had a value of about +0.1 V. After storage of H2
through electrolysis, the Pd electrode became responsive to the pH
value of the test solution. Fig. 1 illustrates the dynamic response
characteristics of the unmodified and modified Pd electrodes in the pH
range from 1 to 13. The buffer reagents used here are specified in
Table 1. In order to store H2 gas in the Pd electrode, a potential of
−0.9 V was applied to the Pd electrode. The Pd electrode with a charge
of 0.5C (♦) exhibited a linear response to the concentration of protons
with a slope of −47.0 ± 0.2mV pH−1. When the electric charge in-
creased to 2.5C (■), the slope increased to −56.2 ± 0.2mV pH−1 mV
pH−1. When the charge was 5C (●), the slope remained approximately
the same. Constant potential electrolysis was then conducted by ap-
plying 0.5 V to remove H2 from the Pd electrode. After the decom-
position of PdHx, the Pd electrode became unresponsive to the protons
in the test solution (▲). Thus, the proton response mechanism is de-
pendent on the presence of PdHx. A Pd electrode electrolyzed to 5 C is
hereafter referred to as a modified Pd electrode. The ideal resting po-






























Here, Δφeθ(H) is the standard potential of the redox reaction of the
H2|H+ couple, R is the gas constant, T is the temperature, P(H2) is the
partial pressure of H2 in the aqueous solution, Pθ is the standard pres-
sure, aH+ is the activity of protons in the aqueous solution, and Δϕ′ is a
constant value. The modified Pd electrode responded to the pH value
from 1 to 13 with a slope of about −56.2 ± 0.2mV pH−1. In parti-
cular, the slope was −58.1 ± 0.2mV pH−1 in the pH region from 1 to
9. Considering the activity of H+ based on the Debye–Hückel limiting
law, the slope in the pH region from 1 to 13 was −57.2 ± 0.2mV
pH−1. The slope in the pH region from 1 to 9 was then
−60.0 ± 0.2mV pH−1. The slope showed an almost Nernstian re-
sponse. A practical response experiment was conducted from pH 13 to
pH 1. As shown in Fig. S3, the response time was less than 5 s. The
potential fluctuations at pH 1, 7, and 13 at 25 °C were within±2mV
over a period of 24 h, as shown in Fig. S4. The modified Pd electrode
was used in phosphate buffer solution (pH 7) for three weeks, and the
potential changed by less than 5mV. In this case, the Teflon tube
covering the modified Pd electrode prevented the release of hydrogen
from the modified Pd electrode, as shown in Fig. 2. Although the po-
tential of the modified Pd electrode covered with the Teflon tube was
Fig. 1. The relation between the resting potential of the modified palladium
electrode and pH. Coulomb number: (a) 0 C, (b) 0.5 C, (c) 2.5 C, and (d) 5.0 C.
Table 1
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almost constant, in the absence of the Teflon tube the potential changed
almost immediately. Fig. 3 exhibits the potential responses obtained
when the modified Pd electrode was repeatedly regenerated. The po-
tential responses of the originally modified Pd electrode and the Pd
metal electrode after H2 was removed are shown in Fig. 3a as the first
cycle. Similarly, the potential responses of second and third cycles are
indicated in Fig. 3b and c. Because the modified Pd electrode can be
renewed by electrolysis, it is very useful as a pH sensor or reference
electrode.
3.2. Scanning electron microscopy (SEM) images
Fig. 4 shows the SEM images of the surface of the bare Pd electrode
before and after the electrolysis. The surface of the Pd electrode was
smooth and homogenous before the electrolysis. After electrolysis with
a charge of 2.5 C, the SEM image shows that the electrode surface is
coated with crystals with a diameter of about 1 μm. The electrodeposits
are assumed to be PdHx on the basis of the discussion above.
3.3. Electrochemical reaction
Fig. S5 shows the cyclic voltammograms obtained at pH 1, 7, and
13. A large cathodic peak was observed at about −0.8 V in 0.1M HCl
(pH 1). This cathodic peak was caused by the reduction of H+ to H2
[14]. In this case, a portion of the H2 gas generated by the reduction of
H+ was stored in the Pd electrode and PdHx is assumed to be formed
(Eq. (2)).+ =xPd /2 H PdHx2 (2)
At pH 7 and 13, the cathodic peak currents decreased with a de-
crease in the concentration of H+ in the aqueous solution. Since the
cathodic peak height was proportional to the concentration of HCl, as
shown in Fig. S5, it is evident that the cathodic wave at −0.8 V was
caused by the reduction of H+ to H2.
Fig. 5 shows four CV cycles observed in 0.1M HCl using the un-
modified Pd electrode. The initial potential was −0.2 V, and the po-
tential was scanned between 0.8 V and −1.5 V at a scan rate of
0.05 V s−1. No anodic current wave was observed in the first cycle.
However, an anodic peak appeared at 0.5 V after the second cycle. As
the redox potential of the H2|H+ couple in 1M HCl (pH 0) is
−0.2222 V, it seems that the cathodic peak was caused by both the
release of H2 gas from the Pd electrode and the oxidation of H2 to H+
[14]. Therefore, the anodic wave was not observed in the first cycle,
and only appeared following the formation of PdHx layers after the
second cycle. The zero-current potential shifted about 0.1 V in the ne-
gative direction, as indicated by the inset of Fig. 5. After electrolysis to
store H2 gas in the Pd electrode, the modified Pd electrode was washed
and dried. The Pd electrode expanded out of the Teflon insulant. A
constant-potential electrolysis was then conducted at 0.5 V to release
the H2 gas. During the electrolysis, bubbles of H2 gas were observed
(Fig. S6) and the expanding part of the modified Pd electrode returned
to its original state. The cathodic peak around 0.5 V is believed to be
caused by both the release of H2 gas from the modified Pd electrode and
the oxidation of H2 to H+. In addition, the height of the cathodic peak
decreased after the third cycle. Thus, the redox potential of the H2|H+
couple was determined to be about −0.2 V at pH 1. The height of the
cathodic peak observed around −0.9 V was proportional to the square
root of the potential scanning rate and to the concentration of H+, as
shown in Figs. S7 and S8, which implied that the reaction was con-
trolled by the diffusion of H+.
3.4. Acidic and alkaline errors
The acidic and alkaline errors of the modified Pd electrode were also
investigated. For HCl concentrations ranging from 1M to 12M, the
resting potential shifted in the positive direction in comparison with the
calculated values, as illustrated in Fig. 6. Darrell et al. reported that
when the glass electrode is used as a pH meter the potential change
increased with a decrease in the pH value below pH 0 [15]. The mod-
ified Pd electrode showed the same trend as the glass electrode, as
shown by the inset in Fig. 6.
Fig. 2. Changes in the resting potential of the palladium hydrogen storage


























































Fig. 3. Potential responses of the modified and unmodified palladium electrode
to pH (■: the hydrogen storage electrode, ◆: the metal electrode without
hydrogen) for (a) first cycle, (b) second cycle, and (c) third cycle of the re-
petition of the electrolysis. The hydrogen storage electrode was prepared by
electrolysis at −0.9 V to be 2.5 C. The metal electrode (without hydrogen) was
prepared by electrolysis of the modified palladium electrode at 0.5 V to release
hydrogen gas.
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Regarding the alkaline error, the influence of the presence of Li+ on
the pH value was observed when the concentration of Li+ was higher
than 1M, as illustrated in Fig. 7. This can be attributed to the formation
of a LiePd alloy (PdLi7) [16]. The displacement in the case of the
modified Pd electrode was less than half that observed in the case of the
glass electrode. In contrast, the presence of K+ and Na+ had no effect
on the pH value. In the case of the glass electrode, the alkaline error
appeared in the presence of any alkaline metal ions at concentrations
higher than 0.1M. When the concentration of Na+ or K+ is higher than
0.1M in all systems, the modified Pd electrode is superior to the glass
electrode as a pH meter.
3.5. Real sample monitoring
Table 2 shows the pH values of various fluids measured using a glass
electrode and the modified Pd electrodes. These are in good agreement
with each other and reasonably compatible with reported values
[17–23]. In addition, calibration curves for the K+-ISE were obtained
by using the modified Pd and Ag|AgCl|sat. KCl electrodes as reference
electrodes. By using the modified Pd electrode as a reference electrode,
it is shown that the modified Pd electrode has practical applications, as
shown in Fig. S9.
4. Conclusions
In the present study, a pH sensor was developed using a modified Pd
electrode. The electrode reactions on the surface of the modified Pd
electrode were investigated. The modified Pd electrode with PdHx ex-
hibited a good response to the concentration of H+, based on the redox
reaction of the H2|H+ couple. If the pH value of the aqueous solution is
almost constant, the modified Pd electrode can be used as a reference
electrode without the risk of releasing the inner electrolyte, such as KCl.
Since the modified Pd electrode can be regenerated by electrolysis, it is
suitable for use as a reference electrode in remote control systems or for
environmental observations. The modified Pd electrode is also useful
for accurate measurement of the concentration of major nutrition
components (K+, Pi, and NO3−) in soil because there is no release of
electrolytes (KCl, etc.).
Fig. 4. SEM images of the palladium electrode (a) before and (b) after electrolysis.
Fig. 5. Cyclic voltammograms of the palladium electrode in 0.1M HCl at a
scanning rate of 0.05 V s−1. (a) First cycle; (b) second cycle; (c) third cycle; and
(d) fourth cycle. Inset: enlarged graph of the potential region between−0.3 and
0.1 V. (a) First cycle; (b) second cycle; (c) third cycle; and (d) fourth cycle.
Fig. 6. Acid error for the modified palladium electrode in HCl solution. Inset:
Acid error for the glass electrode.
Fig. 7. Alkaline error for the modified palladium electrode in various chloride
solutions containing (a) Li+, (b) Na+, and (c) K+. Inset: alkaline error for the
glass electrode. (a) Li+; (b) Na+; and (c) K+.
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